The water level in a well that taps a partially confined aquifer is often sensitive to atmospheric loading. The magnitude and character of this response is partly governed by the well radius, the lateral hydraulic diffusivity of the aquifer, the thickness and vertical pneumatic diffusivity of the unsaturated zone, and the thickness and vertical hydraulic diffusivity of the saturated zone overlying the aquifer. These key elements can be combined into five dimensionless parameters that partly govern the phase and attenuation of the response. In many cases, the response of a well to atmospheric loading can be broken up into a high-, intermediate-, and low-frequency response. The high-frequency response is governed largely by the well radius and lateral diffusivity of the aquifer. The intermediate-frequency response is governed by the loading efficiency of the aquifer. The low-frequency response is governed by the vertical pneumatic diffusivity and thickness of the unsaturated zone and the vertical hydraulic diffusivity and thickness of the saturated material above the aquifer. Cross-spectral estimation is used to fit the response to atmospheric loading of three water wells to the theoretical curves in order to yield estimates of three of the key dimensionless parameters. These estimates then are used to make estimates or place bounds on the vertical pneumatic diffusivity of the unsaturated zone, the lateral permeability of the aquifer, and the composite vertical hydraulic diffusivity of the overlying saturated materials.
INTRODUCTION
The water level in a well is often sensitive to atmospheric loading. Figure 1 compares a hydrograph of one of the wells to be examined in detail to local barometric pressure and tidal strain. The well responds inversely to barometric pressure changes, a phenomenon first rigorously examined by dacob [1940] . The well also responds to tidal strains (compression is positive). If the aquifer is perfectly confined and has high lateral transmissivity or the well has a small diameter, the response of a water well to atmospheric loading and Earth tides will be a direct indication of the undrained response of the aquifer to imposed deformation. Under these conditions, changes in atmospheric pressure are related to changes in the water level of the well by a simple linear coefficient called the barometric efficiency Idacob, 1940] confined, response of the aquifer. The response of aquifers to Earth tides and tectonic strain under conditions of partial drainage or partial confinement is discussed in a related paper [Rojstaczer, 1988] . The focus of this paper is on the response of water wells to atmospheric loading.
Figure 2(top) shows conceptually that air flow and groundwater flow can influence the response of a well to atmospheric loading. When atmospheric pressure changes slowly, air flow through the unsaturated zone and groundwater flow between the aquifer and the water table cause the aquifer response to be partially drained. When atmospheric pressure changes take place rapidly, aquifer response may be nearly undrained, but radial groundwater flow into and out of the well can strongly attenuate water well response if lateral aquifer transmissivity is low or well diameter is large. These deviations from the static-confined response cause the barometric efficiency of a well to be a function of the length of time or width of frequency band over which the atmospheric pressure change takes place.
It is instructive to examine the idealized response of the well-aquifer system shown in Figure 2 (top) to a step change in atmospheric load AP. Initially, the aquifer and partial confining layer are pressurized instantaneously via grain to grain contact due to the change in surface load. The pressure is changed by an amount 7"AP in the confining layer and 7AP in the aquifer, where 7" and ? are the loading efficiencies of the partial confining layer and the aquifer, respectively (RA, 1988) . In contrast to the aquifer and the partial confining layer, the pressure change at the water surface of the open well is AP. The water level change at the water table, due to its high storage, is negligible. There are thus four imbalances in pressure potential due to the step change in atmospheric load that induce fluid flow: duced by the pressure potential imbalance (1 -7)AP between the open water well and the aquifer. All of these four imbalances induced by the step load will be established instantaneously. If the loading efficiencies 7 and 7" are nearly equal, then groundwater flow induced by the pressure imbalance (7"-7)AP will be negligible and we are left with three significant pressure potential imbalances. In this paper, I assume that 7" equals 7. This essentially restricts the analysis to conditions where the confining layer and aquifer possess similar elastic properties and porosities or the aquifer is very thin and possesses a high vertical permeability relative to its lateral permeability.
The remaining three pressure imbalances caused by the step change in atmospheric load can (under certain conditions that will be examined below) cause water well response to occur in four distinct phases. The qualitative water well response to the step load is shown in Figure 2 (middle). The qualitative pressure change in the unsaturated zone, partial confining layer and aquifer during each of the four phases is shown in Figure  2 (bottom). Initially (phase 1), water flows out of the well into the aquifer driven by the pressure potential imbalance between the well and the aquifer. The water level in the well eventually drops by an amount (1-7)AP/pg at which point the well is in equilibrium with the undrained response of the aquifer (phase 2). The water well response temporarily forms a plateau whose width is governed by the length of time it takes for groundwater flow to the water table to influence the pressure of the aquifer.
If the unsaturated zone is thick or possesses low air permeability, the pressure potential at the water The response of a water well to atmospheric loading can be conveniently broken up into five processes: (1) mechanical loading of the aquifer due to the surface load; (2) pressurization at the water surface of the open well due to the air load; (3) flow of air between the Earth's surface and the water table; (4) flow of groundwater between the water table and the aquifer; and (5) flow of groundwater between the aquifer and the borehole. In order to make the analysis analytically tractable I make some simplifying assumptions about these processes. I assume that the undrained response of the aquifer and the partial confining layer to surface loading are the same; this essentially assumes that the compressibility, porosity, and Poisson's ratio are vertically and laterally uniform. I make the assumption that air flow between the Earth's surface and the water table and groundwater flow in the partial confining layer, owing to the great lateral extent of the atmospheric load, are vertical. I also make the assumption, common to the analysis of partially confined aquifers [Hantush, 1955 [Hantush, , 1960 R = L 2co/2Da (5) Carslaw and Jaeger [1958, p. 105] give the solution of (1) subject to the boundary conditions of (2) strictly in terms of phase and gain.
It should be noted that the inverse of the dimensionless frequency R is analogous to the dimensionless time 1/u wellknown in well hydraulics. The difference is that time has been replaced by frequency, the diffusivity of the aquifer has been replaced by the pneumatic diffusivity of the unsaturated zone and the radial distance from the well has been replaced by the thickness of the unsaturated zone. Table   and 
Vertical Groundwater Flow Between the Water
where I again take z = 0 to be the water table. The water table boundary condition is the solution of (3). The solution of (6) subject to boundary conditions given in (7) 
Flow Between the Borehole and the Aquifer
Groundwater flow between the borehole and the aquifer is driven by the difference between the water level in the well and the aquifer pressure in terms of head. Flow within the aquifer, as previously noted, is assumed to be strictly horizontal and the influence of the partial confining layer is described by a leakance term. Under these conditions, the governing equation is [Jacob, 1946] 
It should be noted that W is a dimensionless frequency (analogous to the inverse of dimensionless time used in well hydraulics) and 1/q is the conventional leakance of well hydraulics divided by frequency. The solution given by (13) assumes that (1) the water table does not change in response to periodic discharge from the well; (2) the partial confining layer has negligible specific storage; (3) pore pressure changes induced by the fluctuating water level induce only vertical deformation; and (4) the well is a line source. In essence (13) 
In (15), S s' is the specific storage of the confining layer under conditions of no horizontal deformation. Since confining layer permeabilities will not be greater than aquifer permeabilities and the well radius will be significantly less than the thickness of the confining layer and the aquifer, the dimensionless terms (W/q) •/2 and fi will almost always be less than 0.01. These results indicate that changes in water table height do not significantly influence aquifer response and that the specific storage of the partial confining layer, although it does influence vertical flow (see equation (8)), does not significantly influence horizontal flow in the aquifer. The assumption that pore pressure changes induced by well dicharge do not induce horizontal deformation is a standard assumption in groundwater hydraulics. Gambolati [1974, 1977] examined the error in this assumption and found that (in the absence of leakance) drawdown accompanying well discharge is not significantly influenced by horizontal deformation when the well taps an aquifer whose thickness is less than 1/2 its average depth.
Response of a Well to Atmospheric Loading: General Case
The response of a well to atmospheric loading can be obtained, in the absence of inertial effects, by combining the solutions given in (8) ditions where the confining layer has zero permeability and the aquifer transmissivity is high, P0 would be equal to A7 and the barometric efficiency BE would simply be one minus the loading efficiency 7. The phase shift would be a flat -180 ø for all observable frequencies of the atmospheric loading wave. However, under conditions where the confining layer has a finite permeability and the aquifer transmissivity is low, both the barometric efficiency and the phase will be a strong function of frequency.
In this study, barometric efficiency depends on frequency. The value for efficiency that reflects the undrained response of the aquifer (1-7) is termed the static-confined barometric efficiency. Equations (8}, (13), and (18) indicate that the barometric efficiency BE and phase 0 of the response are a function of six dimensionless parameters: (1) R, the dimensionless unsaturated zone frequency; (2) q, the dimensionless confining layer frequency; (3) S', the storage of the confining layer; (4) S, the storage of the aquifer; (5) 7, the loading efficiency of the partial confining layer and aquifer; and (6) W, the dimensionless aquifer frequency.
The barometric efficiency and phase of the response of the water well are shown in Figure 3 as a function of dimensionless aquifer frequency W and the ratio of dimensionless confining layer frequency qS'/2 or Q, to W. In Figure 3 , R is assumed to be much less than Q (R/Q = 0.0001), $ and $' are 0.0001, and the static-confined barometric efficiency of the aquifer is 0.5. These constraints allow us to examine water well response under conditions where the aquifer has typical elastic properties, and unsaturated zone effects, due either to a shallow water table or a high pneumatic diffusivity, are negligible. The assumption of negligible unsaturated zone effects will be relaxed in a subsequent section. The dimensionless ratio Q/W is a measure of the frequency above which there is significant attenuation and phase shift due to limited groundwater flow between the borehole and the aquifer relative to the frequency below which water table drainage significantly influences aquifer response. When Q/W is large, a frequency band exists over which there is little attenuation and phase shift in water well response. When Q/W is small, we can expect that the water well response will show significant attenuation and phase shift (relative to -180 ø ) for all frequencies. Because unsaturated zone effects have been neglected, the response shown is qualitatively similar to the theoretical response given by Johnson [1973] Figure 2) . In this frequency band, the staticconfined barometric efficiency is observed and there is little phase shift between the atmospheric pressure wave and the water well response (the phase shift of -180 ø is due to the inverse relation between water level and atmospheric pressure). Physically, water table influences are negligible in this frequency band and the aquifer transmissivity is high enough to allow for well response to be unattenuated.
It should be noted that for frequencies overlapping the lowand intermediate-frequency bands, barometric response slightly exceeds the static-confined barometric efficiency. There is no analog to this slight amplification in the response of a water well to step changes in atmospheric load. The amplification of response is due to resonance: the influence of the water table is slight, but it has a phase shift that weakly reinforces the nearly confined water well response.
In the low-frequency band, the response is distinguished by increasing attenuation and phase advance with decreasing frequency. This response is analogous to stage 4 in Figure 2 : as frequency decreases, water table influences become more significant and the response asymptotically approaches 0. It should be noted that stage 3 noted in Figure 2 (barometric efficiency achieving a value of 1 due to early water table influences) does not appear in Figure 3 . This is because unsaturated zone effects are assumed to be negligible.
In the high-frequency band, the response is characterized by increasing attenuation and phase lag with increasing frequency. This response is analogous to stage 1 in Figure 2 . At these frequencies, aquifer transmissivity is low enough (for the given well bore storage) to limit groundwater flow between the aquifer and the borehole and as frequency increases, the response asymptotically approaches 0. [Rojstaczer, 1988] ; the only difference is that following hydrologic convention, compression is defined as positive.
In summary, water well response in the low-frequency band is a strong function of both R and Q. When the ratio R/Q is 
APPLICATION OF THEORETICAL RESPONSE
The above results indicate that water well response to atmospheric loading will be strongly dependent on the three dimensionless fluid flow parameters: R, Q, and W. If the response of a well can be fit to the theoretical solutions, it is possible to make estimates or place bounds on these three key parameters. Once these dimensionless parameters are estimated, it is then possible to make estimates of or place bounds on the fluid flow parameters that govern water well response: pneumatic diffusivity of the unsaturated zone, confining layer hydraulic diffusivity and aquifer permeability. The process of fitting well response as a function of frequency to dimensionless theoretical curves is analogous to the standard practice of fitting water level declines as a function of time in response to pumpage to "type curve" plots. The essential difference is that because the solutions given here are a function of frequency, there are two type curves that are fit simultaneously: one for barometric efficiency and one for phase.
In order to compare a water well's response to the theoretical solutions, we need to determine its transfer function or barometric efficiency and phase as a function of frequency. The transfer function that relates atmospheric loading to water level can be found using cross-spectral estimation [e.g., Bendat and Piersol, 1986] . For the water well records examined here, the transfer functions were obtained by (1) determining the power spectra and cross spectra for the water well record, the local atmospheric pressure record and the theoretical areal strain produced by the Earth tides, and (2) solving the following system of complex linear equations for every frequency: BB BT  HB  BW   TB  TT  HT  TW   (21) where BB and TT denote the power spectra of the atmospheric pressure and Earth tides, respectively, BT and TB denote the cross spectrum and complex conjugate of the cross spectrum, respectively, between atmospheric loading and Earth tides, BW and TW denote the cross spectra between atmospheric loading and water level and Earth tides and water level, respectively, and HB and H T denote the transfer function between water level and atmospheric loading and water level and Earth tides, respectively. The Earth tides were included in the analysis because they have a strong influence on the response of the wells examined at diurnal and semidiurnal frequencies. Further details on how the transfer functions were determined are given elsewhere [Rojstaczer, 1988] . In the analysis below, the transfer functions were fit to the type curves by hand. A description of the wells examined in this paper is given in Table 1 . Two of these wells, TF and JC, are located near Parkfield, California and the other well is located near Mammoth Lakes, California. The aquifer permeabilities given in Table 1 were determined from specific capacity data ( Estimates for SC2 are from model 2 in Figure 10 . difference on the basis of differences in site lithology. The specific storage of the aquifer is estimated elsewhere (RA, 1988) to be 2.3 x 10 -6 m -1. If the specific storage of the confining layer is close to that of the aquifer, the vertical permeability of the confining layer is about 5 md, a value that is one order of magnitude less than the permeability of the aquifer of 50 mdarcy estimated from a slug test.
Although phase lag increases slightly between 1 and 2 cycles/day, nothing else suggests that any attenuation occurs due to limited groundwater flow between the aquifer and the borehole. Assuming that dimensionless frequency W is less than 0.1, the lower bound on permeability for the aquifer is 60 mdarcy, a value slightly greater than the permeability of 50 mdarcy inferred from the slug test data.
Well SC2
The response of SC2 to air pressure shown in Figure 10 indicates that both the barometric efficiency and phase are relatively flat over the observed frequency band. Because the response lacks any strong trend, interpretation of the response is somewhat ambiguous. The figure shows two interpretations of the response. In the first interpretation (model 1), the staticconfined response is observed over the entire frequency band. The barometric efficiency is a flat 0.78, Q is greater than 41o0, and R is not indentifiable. Alternatively, water table effects begin to slightly influence water well response at the low end of the observable frequency (model 2). In this interpretation, the static-confined barometric efficiency is 0.74 and the values for Q and R are 10co and less than 1.0co, respectively. Table 2 shows the air and hydraulic diffusivities inferred from Model 2. The lower bound on pneumatic diffusivity is nearly the same as the pneumatic diffusivity estimated at TF; the hydraulic diffusivity of the partial confining layer is considerably lower. The specific storage of the aquifer is estimated to be (RA, 1988) 
CONCLUSIONS
The response of water levels in wells that tap partially confined aquifers to atmospheric loading is dependent on the elastic and fluid flow properties of the aquifer as well as the material overlying the aquifer. Owing to the hydraulic properties of the aquifer and confining layer and the pneumatic properties of the unsaturated zone, water well response cannot be expected to be independent of frequency. Attenuation and amplification of the static-confined response to atmospheric loading can occur in theory and is observed in the wells examined here. Phase lags and advances observed in response to atmospheric loading also have a theoretical basis.
In many instances, the response of a well can be divided into three frequency bands. The response at low frequencies is independent of aquifer permeability and depends on the confining layer and unsaturated zone diffusivities. Attenuation and amplification as well as phase lags and phase advances are possible in this frequency band. The response at intermediate frequencies is dependent on the elastic properties of the aquifer and is independent of fluid flow properties; it is characterized by a flat barometric efficiency and phase. The response at high frequencies is independent of confining layer and unsaturated zone diffusivity and is strongly dependent on aquifer permeability. It is characterized by increasing attenuation and phase lag with increasing frequency. The width of separation between the high-and low-frequency response (i.e., the width of the intermediate-frequency band) is dependent on the well radius, the aquifer transmissivity, and the confining layer thickness and hydraulic diffusivity.
The theoretical response can be used in conjunction with the observed response of water wells as a function of frequency to yield estimates or place bounds on the fluid flow parameters within the aquifer, confining layer and unsaturated zone. For the wells examined, water well response to atmospheric loading does not yield much information on aquifer permeability; it is possible only to obtain a lower bound for this flow parameter. In low-permeability environments, however, the response of water wells to atmospheric loading may prove useful in estimating aquifer permeability.
Water well response, for the wells examined here, does serve to yield useful estimates of confining layer hydraulic diffusivity and the pneumatic diffusivity of the unsaturated zone. If the site lithology indicates that the specific storage of the confining layer is close to the value of specific storage of the aquifer, it is also possible to make an estimate of the confining layers vertical permeability. Estimates of these parameters are usually difficult to obtain using a conventional techniques and are valuable for purposes of water resource assessment and studies of contaminant migration in the near surface. The complete solution is given in (13).
